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yr), and of all the stable Zr isotopes at n TOF. The aim of these measurements
is to improve the accuracy of existing results by at least a factor of three in order
to meet the quality required for using the s-process nucleosynthesis as a diagnostic
tool for neutron exposure and neutron ux during the He burning stages of stellar
evolution. Combining these results with a wealth of recent information coming from
high-resolution stellar spectroscopy and from the detailed analysis of presolar dust
grains will shed new light on the chemical history of the universe. The investigated
cross sections are also needed for technological applications, in particular since
93
Zr
is one of the major long-lived ssion products.
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1 INTRODUCTION
The quest for the origin of the chemical elements in the universe remains a basic
motivation for the Nuclear Astrophysics community. For times since the baryonic freeze-
out in the Big Bang, stars have been identied as the sites for nucleosynthesis, with
some limited, but important contributions from non-stellar processes such as spallation.
While most light isotopes are produced via charged particle reactions, the Coulomb bar-
rier becomes prohibitively high above the Fe abundance peak (Z26) for charged particle
reactions to play any signicant role at energies attainable in a stellar environment. Be-
yond iron, the only method of production is via neutron induced reactions. There are two
dominant neutron capture processes, which dier primarily by the timescale on which












While the r process will be mentioned briey later on, the focus of this proposal is on
the second neutron capture process, namely the slow neutron capture process (s process),
which operates at signicantly lower temperatures and neutron densities (T
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Approximately half of the abundances in the mass region A
>

56 can be assigned
to each of the two processes. The canonical s process as proposed originally in 1957
by Burbidge, Burbidge, Fowler and Hoyle [1] takes place in the late He burning stages
of stellar evolution. The characteristic feature of the s process is that neutron captures
occur on a time scale of typically 1 yr, much slower than the typical time scale for -
decay. Accordingly, the reaction chain of subsequent neutron captures and -decays follows
the valley of beta stability. This process was rst described in a phenomenological way
by assuming an exponential distribution of neutron exposures [2, 3]. The abundances
produced in the s process are mostly determined by the neutron capture cross sections of
the isotopes involved. These data are required in the energy range from 0.3 to 300 keV
corresponding to the respective temperature regime between T
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K). While this model was useful to understand the global features of the s process,
it fell short in explaining local structures in the solar abundance distribution, but also
with respect to the rich variety of s-abundance patterns observed in AGB stars [4] and in
presolar grains [5, 6].
Eventually, realistic stellar models have been developed which can account for the
actual stellar conditions under which the s process is taking place. After rst diÆculties in
reproducing the observed abundances had been overcome, these models were continuously
improved to the point where they have now taken precedence as the preferred s-process
models [7]. The success of the stellar s process models could only be achieved by new
developments in neutron capture cross section measurements, which allowed one to reach
uncertainties of only a few %. This improved accuracy turned out to be a prerequisite
for this application in Nuclear Astrophysics. However, such data are still largely missing,
particularly in the mass region A100 as well as for neutron magic nuclei, where cross
sections are small and dominanted by single resonances [8].
Accurate s-process analyses have attracted great interest over the last decade,
thanks to progress in astronomical observations and in stellar modelling. In this period,
our understanding of the s process has advanced from the quantitative description of the
abundance composition in the solar system towards a comprehensive picture including all
aspects of stellar and galactic evolution [9]. This development has emphasized the impor-
tance of neutron capture nucleosynthesis for probing the deep interior of Red Giant stars
and for following the continuous enrichment of heavy elements during galactic evolution.
1
The Zr isotopes represent important examples for illustrating these possibilities.





bottle necks for the reaction ow towards heavier elements. Therefore, these isotopes build
up to large abundances and provide evidence for the
13
C(,n) reaction as the dominant
neutron source [7]. Branchings in the reaction path, which occur at unstable isotopes
where neutron capture competes with -decay, have been interpreted as a unique tool
for constraining the physical conditions in the He burning zones near the stellar core. A
particularly important branching occurs at
95
Zr, which allows one to study the s-process
neutron ux as outlined below. Lanthanum is important for interpreting the element
abundance patterns in very old, metal-poor stars. Since the La abundance is completely
represented by
139
La, which is almost of pure s origin, it can be used to distinguish the
s-process component from the products of explosive r-process nucleosynthesis. In this
way the s/r-ratio can be traced over the entire span of galactic chemical evolution, an
important aspect for the history of the universe.
Apart from the impact on problems of Nuclear Astrophysics, the (n,) cross sections
of the stable Zr isotopes are of interest for technological reasons as well. Zirconium con-
stitutes an important component in alloys used as structural material in nuclear reactors,






yr) is one of major long-lived ssion products, since it is situated in the maximum of the
ssion yield distribution.
2 THE ASTROPHYSICS CASE
There are essentially three main s-process issues related to the proposed measure-
ments on
139
La and on the Zr isotopes. In all these cases, signicantly improved cross
section information is mandatory for meaningful analyses.
2.1 The s-Process Branching at
95
Zr
The zirconium isotopes play a key role for the determination of the neutron density
in the He burning zones of Red Giant stars. The principle of this problem is illustrated
in Fig. 1, which shows the s-process reaction ow in the Zr-Nb-Mo region.
Since
93










Zr will, therefore, require that the stellar neutron ux is high enough to
compete with -decay. This question has been studied for the solar abundance distribution
[10]. Based on arguments concerning the smooth behavior of the r-process component








reasonable agreement with the result derived from others branchings [7].
However, when isotopic Zr abundances from the s-process enriched envelopes of Red
Giants became available via detection of the molecular bands of ZrO [4], it turned out
that
96
Zr lines were missing in these spectra. Obviously, the neutron ux in these stars was
either weaker than estimated or the stellar (n,) rates are smaller than assumed before.
A similar but more complex picture emerges from analyses of single, presolar SiC grains,
which witness the composition of s-processed enriched material from the circumstelar




Zr ratios observed in most grains are too small


































































































































































Figure 1: The reaction network around the s-process branching at
95
Zr. Stable isotopes
are indicated by solid boxes. While
93
Zr is practically stable on the time scale of the s
process,
95
Zr acts as a branch point due to the competition between -decay and neutron
capture.
90
Zr is neutron magic and represents a bottle neck for the reaction ow because
of its small capture cross section. Possible abundance contributions from the r process
are indicated by dotted arrows.
2.2 Neutron magic nuclei




La are important because of their small cross
sections, which need to be known with good accuracy for a quantitative assessment of the
bottle-neck eect on the reaction ow. So far, the remarkable sensitivity of the neighboring
abundance pattern to a neutron magic isotope has been demonstrated only in case of
142
Nd
[7], where it was possible to conrm the s-process concept formulated by the stellar model
and to reveal the limitations of the classical approach. Accurate data for more of these
key isotopes are, therefore, clearly needed.
2.3 The s/r-ratio in old stars
The small cross sections of neutron magic nuclei give rise to large s-process abun-
dances, which dominate the respective r-process contributions. Therefore, these isotopes
can be used for monitoring the s-process signatures. This argument is particularly impor-








). Therefore, lanthanum can be interpreted as an s-process in-
dicator in stellar spectroscopy, whereas europium represents a typical r-process element.
Comparison of these abundances can be used to characterize the ratio of s- and r-process
abundances in old, metal poor stars. The s-process is related to Red Giant stars of 1.5 to
3 solar masses (which evolve slowly) and the r-process to supernova explosions of massive
stars (which evolve quickly). Since the two time scales are so dierent, the s/r-ratio is of
utmost importance for galactic chemical evolution.
So far barium has been used as an s-process element because its isotopic cross
sections are accurately measured [11]. For technical reasons, lanthanum would be the
preferable alternative to use in such studies since it is easier to identify in faint objects.




The neutron cross sections of the Zr isotopes are important for several aspects of
traditional and advanced nuclear technologies.
Zirconium is considered the "superstar" among the cladding materials for the pro-
duction of nuclear fuel elements for all reactor types, including pressurized water reactors
(PWRs), boiling water reactors (BWRs), and natural uranium reactors (CANDU). Zirco-
nium alloy materials are the skeletons of fuel assemblies and are used to make the sealed
tubes enclosing the fuel pellets. The small neutron capture cross sections in combination
with the favorable chemical and mechanical properties are the main advantages for such
kind of employments. Obviously, thermal cross sections are of primary importance, but
with the present research programs on reactors with fast neutron spectra, including ADS,
there is now also a growing demand for the determination of precise capture cross section
for fast neutrons. The available information contained in the Nuclear Data libraries is far
too uncertain and need to be considerably improved.







yr) represents a particular case. In the High Priority
Nuclear Data Request List of the Nuclear Energy Agency (NEA/OECD) 5% accuracy
are requested for the
93
Zr(n; ) cross section of this long-lived ssion product (LLFP) in
the entire energy region from thermal to 20 MeV. Since the isotopic enrichment of the
available sample material is only 20% and since the cross sections of the stable isotopes
could only be determined with uncertainties of typically 10%, the corrections for isotopic
impurities prevented to reach this 5% level in the only previous measurement [17]. For
this reason, an improved determination of precise cross section data for
93
Zr(n; ) has
become a part of the n TOF-ADS-ND EC-project.
An additional motivation is that
139
La and the Zr isotopes are very abundant ssion
fragments. Hence their (n,) cross sections have an impact on the neutron balance at high
burn-up.
4 EXISTING NEUTRON CAPTURE DATA
Quantitative analyses in this eld of research have to rely on neutron capture cross
section measurements in the energy range from 0.1 to 500 keV. For the proposed isotopes
this information is not available for the full energy range and with the necessary accuracy.
Even though several measurements exist in parts of the relevant energy range, the results
are discrepant by as much as a factor of two, and exhibit unacceptable uncertainties of
10% [8], which need to be reduced to < 3%.
An illustrative comparison can be made on the basis of Maxwellian averaged stellar
cross sections for kT=30 keV, which were derived from the various data sets [8]. In the
important case of
90
Zr, values between 11 and 21 mbarn have been reported, for exam-
ple. Similar discrepancies are found for
92
Zr. These discrepancies are evidence for severe
systematic uncertainties due to unrecognized backgrounds, mostly because previous TOF
measurements suered from comparably high sensitivities for scattered neutrons.
Exactly the same situation prevails for
139
La. Existing data dier by factors of two
and suer from the very same problems as discussed for the Zr isotopes [8].




Zr, but only for a particular stellar
temperature corresponding to a thermal energy of 25 keV. These measurements were car-





reaction [12, 13]. According to the most advanced stellar s-process models, this temper-
ature is reached during the helium shell ashes in AGB stars, which account for only
4
Figure 2: Schematic drawing of the detectors to be used as arranged around the beamline.
The beam direction is indicated by the red arrow. One of the detectors and part of the
sample changer are cut away in order to show the sample changer strip and the samples.
5% of the s-process neutron exposure. The remaining 95%, however, are processed at a
considerably lower temperature of kT=8 keV [14, 15]. One of the diÆculties with previous
measurements is that data are reported only for neutron energies above approximately
3 keV. In an environment with energy distributions peaked at 8 keV, it is important to
cover the neutron energy range down to 0.1 keV, especially for isotopes with strong, low
energy resonances. Since all Zr isotopes, and
90
Zr in particular, fall into this category, new
measurements with improved accuracy and complete coverage of the relevant neutron en-
ergy range are urgently required. The CERN n TOF facility puts precisely this problem
within reach.
5 PROPOSED MEASUREMENTS AT n TOF







La at the n TOF facility. These cross sections will be




liquid scintillator detectors, which are
optimized for minimal neutron sensitivity by replacing the traditional aluminum housing
for the liquid scintillator by a thin carbon ber shell [16]. In this way, crucial and pre-
viously neglected or underestimated backgrounds due to sample scattered neutrons can
be signicantly reduced, thus enhancing the ability to determine weak resonances. The
samples will be mounted in the standard carbon ber sample changer. Capture -rays will




scintillator detectors arranged as pictured in Fig. 2.
Highly enriched samples of the stable isotopes will be borrowed from Oak Ridge
5
National Laboratory (ORNL) and/or from IPPE Obninsk.
139
La is commercially available.
The
93
Zr sample, which consists of puried ssion zirconium will be loaned either from Oak
Ridge or, preferentially, from Petten. Because of the comparably low
93
Zr content of 20%,
it is important to determine the isotopic corrections from the cross section results obtained
in the same experiment with the Zr stable isotopes. Compared to a rst attempt, where
the measurement was hampered by a strong background of 5kHz from the radioactivity
of the sample [17], the n TOF experiment on
93
Zr will be far superior thanks to the 1000
times better duty cycle.
The measurements are expected to yield cross section uncertainties of typically 3%
for the stable isotopes, about three times smaller than reported in previous work [8].
Estimates for the unstable
93
Zr sample yield a somewhat larger uncertainty of about 5%
because of the low enrichment. The accuracy aimed at with respect to the nucleosynthesis
problems will also satisfy the request from the ADS application.
The respective sizes and enrichments are listed in Table 1.
Isotope Mass (g) Enrichment (%) Supplier Protons Needed
90
Zr 2 97.7 Obninsk 310
17
91
Zr 1 89.9 Obninsk 210
17
92
Zr 1 91.7 Obninsk 310
17
93
Zr 6.6 20 Petten 310
17
94
Zr 1.5 91.8 Obninsk 310
17
96
Zr 4 58.5 Obninsk 310
17
3 95.6 ORNL 310
17
139
La 2 100 commercial 210
17
Table 1: The samples for the measurements proposed at the CERN n TOF facility. Also
listed are the requested number of protons.
Based on the experience with the successful capture experiments performed so far
(TOF03, TOF04, and TOF05) we estimate that one week of beam time will be needed
for each of the isotopes. These estimates assume that n TOF is operating in dedicated
mode. If more than one pulse is available per PS supercycle, or if the experiment were run
in parasitic mode, then these times would change correspondingly. Fig. 3 illustrates the
expected count rates per bunch of 7  10
12
protons and for a resolution of 500 bins per
decade corresponding to a resolution in neutron energy of '1% (Zr and
139
La samples,
respectively). In all cases, the signal/background ratio is expected large enough to allow
safe cross section analyses.
6 ASTROPHYSICAL IMPLICATIONS
Once the stellar cross sections of the investigated isotopes have been deduced from
the dierential TOF data, the corresponding reaction rates will be incorporated into the
FRANEC code for modeling the He burning zones in Red Giants [18] for a quantitative
investigation of the s-process features discribed in Sec. 2. This part of the proposed study
will be performed in collaboration with R. Gallino and his co-workers, and will include
a detailed account of the astrophysical quests related to abundance observations in Red
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Figure 3: The estimated count rates for the proposed experiments (stable targets). The
abscissa is neutron energy while the ordinate is the estimated number of events per nomi-
nal proton bunch of 710
12
protons. The count rates are based on the sample masses listed
in Table 1, and the detection eÆciency for capture events is assumed as 10%. The energy
grid of 500 bins per decade corresponds to a resolution in neutron energy of E/E'1%.
The expected background (red histogram) has been determined by proper adjustment of
the experimental spectra measured so far.
8
